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This report presents the results of laser-induced breakdown spectroscopy (LIBS) study on biological and food
samples of high water content using a picosecond (ps) laser at low output energy of 10 mJ and low-pressure
helium ambient gas at 2 kPa. Evidence of excellent emission spectra of various analyte elements with very
low background is demonstrated for a variety of samples without the need of sample pretreatment.
Specifically, limits of detection in the range of sub-ppm are obtained for hazardous Pb and B impurities in carrots
and meatballs. This study also shows the inferior performance of LIBS using a nanosecond laser and atmospheric
ambient air for a soft sample of high water content and thereby explains its less successful applications in previous
attempts. The present result has instead demonstrated the feasibility and favorable results of employing LIBS
with a ps laser and low-pressure helium ambient gas as a less costly and more practical alternative to inductively
coupled plasma for regular high sensitive inspection of harmful food preservatives and environmental
pollutants. © 2016 Optical Society of America




Nowadays, there is an ever increasing need for sensitive and
reliable techniques for the detection and the analysis of trace
elements in foods in order to provide useful means of process
and product controls in food industries and the effective assur-
ance of safe and healthy foods for the consumers. This is
especially urgent for vegetables and fruits that are in direct con-
tact with pollutants present in the soil and air. Such analytic
techniques will also be useful for monitoring and controlling
the pollutants in the surrounding environment (soil, water,
air). In less-developed countries, there is an additional problem
concerning widespread use of food preservatives in the food
industries, particularly in small-scale home industries. In
Indonesia, for instance, the preservatives widely used are health
hazardous formaldehyde (CH2O) in soy beancurds, sea foods,
fresh fruits, and noodles, as well as borax (Na2B4O7 · 10H2O)
in meatballs and other popular foods that are all relatively
inexpensive and commonly consumed by the people. The pres-
ence of these preservatives is usually inspected only in special
government laboratories, access to which is limited and costly,
depriving the common people from their urgently needed
safety protection of foods.
In the mean time, laser-induced breakdown spectroscopy
(LIBS) has been for a long time established as a powerful tech-
nique for practical and rapid spectrochemical analysis of a large
variety of materials. Specifically, the fundamental advantages of
this technique can be summarized as follows: no sample prepa-
ration is needed, remote sensing measurements are possible and
samples of various states of aggregation can be analyzed, and
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benchtop equipment is commercially available. Further, multi-
element analysis can be performed simultaneously with sensitiv-
ity limits in the ppm or even ppb range, including information
on surface distribution of the detected elements. So far, mainly
nanosecond (ns) lasers have been used for LIBS, and technical
information on a large variety of LIBS applications is widely
available in the literature [1–27].
It is worthwhile to add, however, that several important
improvements of LIBS have recently been reported [28–34]
taking advantage offered by a picosecond (ps) and femtosecond
laser. The much shorter pulses of these lasers are expected to
offer the benefit of effectively increasing high-power density
on the target surface without producing the undesirable long
heating effect at large laser output energies. This is especially
important for soft samples, particularly biological samples with
large water content. It is important to note that a strong plasma
shock wave propagating at a speed of roughly 10 km/s or faster
is required to generate the plasma temperature and thermal en-
ergy needed for excitation of the ablated atoms. This condition
cannot be effectively met by ns laser on a soft sample due to
insufficient power density of the ns laser and the lack of repul-
sion force from the soft sample surface. Previously reported
works on the detection of soft biological samples using an
ns laser were performed with certain pretreatments to reduce
the water content in the sample, such as a drying process fol-
lowed by pelletization of the sample, as well as combination of
LIBS and the laminar jet technique [17,35–53]. These reported
methods generally suffer from tedious sample preparation and
relatively poor sensitivity. Consequently, they have not found
widely accepted applications.
On the other hand, the problem faced by ns lasers may be
overcome by the use of ps lasers due to their much higher power
density deliverable to the sample and generating the desired
shock wave plasma in much shorter time. This study is there-
fore undertaken to investigate the possible application of LIBS
to soft samples with large water content employing a ps laser
without any sample pretreatment. The samples used in this
work are mango leaf, carrot, and meatball. It is shown that ex-
cellent spectra with sharp emission lines and low backgrounds
are obtained from the samples using low-pressure He ambient
gas. Specifically, detection limits of sub-ppm level are achieved
in this experiment for Pb in carrot and B in meatball.
2. EXPERIMENTAL PROCEDURE
The experimental arrangement is similar to those used in our
previous works [54–56]. The laser used in this experiment is a
1064 nm Nd-YAG (Ekspla, 30 mJ, 20 ps) operated in the
Q-switched mode at a 10 Hz repetition rate. It is verified in
this experiment that a strong shock wave plasma of typical
hemispherical shape is successfully generated at the irradiation
energy of approximately 10 mJ delivered to the sample from the
laser through a set of neutral density filters. The resulting
plasma has a clear delineation between the primary and secon-
dary plasmas, as reported in our previous works [54]. The laser
beam is focused by a lens of 120 mm focal length through a
quartz window onto the sample surface under 5 mm defocused
condition in order to enlarge the irradiated area to a spot size of
approximately 0.1 mm on the sample surface. This is expected
to increase the amount of ablated impurity elements with
minimal damage on the sample surface. On the contrary,
the secondary plasma is not fully developed when the target
is irradiated with the ns laser, and it is only vaguely separated
from the primary part.
The sample to be measured is placed in a small vacuum-
tight metal chamber measuring 11 cm × 11 cm × 12.5 cm,
which is evacuated using a vacuum pump prior to being filled
with He gas to the desired pressure. The gas pressure is there-
after maintained by a certain flow rate, which is regulated by a
needle valve in the air line and a second valve in the pumping
line. The chamber pressure is monitored by means of a digital
Pirani gauge. In each experiment, the sample is rotated at 1 rpm
during the 100 successive irradiation shots, which is repeated at
10 different positions in the sample surface. This procedure is
implemented in order to ensure that each laser pulse is directed
on a new spot on the sample surface in order to produce the
representative average of the impurity spectral data.
The spectral measurement of the secondary plasma emission
is carried out by employing an optical multichannel analyzer
(OMA system, Andor iStar intensified CCD 1024 × 256 pix-
els) of 0.012 nm spectral resolution at 500 nm. This system is
attached on one side to the output port of a spectrograph
(McPherson Model 2061 with 1000 mm focal length f ∕8.6
Czerny Turner configuration), which has its input port con-
nected to an optical fiber output end, with its opposite end
inserted into the chamber for the collection of the plasma
emission.
3. RESULTS AND DISCUSSION
For the first experiment, a mango leaf (mangivera indica sp) is
used as the sample. The mango leafs are collected from the lab-
oratory premises. The mango leaf is then cleaned using distilled
water to wipe out the dust and other particles deposited on the
leaf surface from the environment. The leaf is then cut into a
slice of 3 cm × 3 cm and attached using double tape to the
sample holder made from zinc block. The thickness of the leaf
is estimated around 0.4 mm with water concentration of less
than 15% estimated by comparing the sample weight before
and after ashing. The leaf picture is shown in the inset of
Fig. 1. It should be noted that the leaf is not perforated by
the laser shots as the repeated laser irradiations are carried
out with the sample rotated at 1 rpm during the process.
In this experiment, the pressure-dependent emission inten-
sities of elements contained in the mango leaf sample are mea-
sured with ambient He gas at various He pressures. For this
measurement, the ps laser is operated at a constant energy
of 10 mJ, with the gate delay and gate width of the OMA sys-
tem fixed at 100 ns and 50 μs, respectively. The results are pre-
sented in Fig. 1. It is seen from this figure that all the pressure
profiles of H I 656.1 nm, C I 247.8 nm, CN 388.3 nm, and Ca
II 393.3 nm emission intensities exhibit basically the same pat-
tern of pressure-dependent variation. Specifically, the emission
intensity generally rises to its maximum at the low pressure of
around 2 kPa where it begins to reverse its trend and decreases
monotonously with the further increase of He gas pressures.
The spectra of mango leaf presented in Fig. 2 show the C I
247.8 nm, CN 388.3 nm, and H I 656.1 nm emission lines
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detected with ambient He pressures of 2 kPa and 98 kPa. One
sees that the sharp emission lines of C and H are much stronger
at the lower He gas pressure of 2 kPa. One also notices that the
emission band of CN, which is an important compound in
biological samples, is also much more clearly detected with
the low-pressure He gas. In fact, the emission intensities are
found to further decrease at higher gas pressure and become
barely detectable at atmospheric pressure. This explains why
the ordinary LIBS working with high-pressure ambient air
failed to meet the requirement for sensitive analysis of biologi-
cal materials with large water content. Our result does show, on
the other hand, that direct spectrochemical analysis of the
biological sample without pretreatment is indeed workable
by a ps laser with low-pressure He ambient gas.
In the next experiment, the same measurement is repeated
by using an ns laser with the same energy of the ps laser (namely
10 mJ), and the spectra are presented in Fig. 3 for the measure-
ment with He gas at 2 kPa and 98 kPa. While the ns laser gives
good results for C and H emission lines, the emission intensities
are considerably lower in this case compared to those detected
with the ps laser. In addition, the emission of the CN band is
only vaguely observable even at the low gas pressure. Another
disadvantage of using the ns laser is the occurance of perforated
holes on the mango leaf sample, giving rise to Al emission lines
from the sample holder in the spectrum background.
The following experiments are performed to investigate the
possibility of detecting heavy metals in vegetables using carrot
slices of 5 mm thickness which are soaked for different lengths
of time in the solution containing 1000 ppm Pb obtained com-
mercially as a standard reference solution used in inductively
coupled plasma (ICP) analysis. The samples taken out of
the solution after various lengths of soaking times are then dried
at room temperature for 1 h before being sent out for ICP
analysis. Among those carrot slices, we have chosen for the
Fig. 2. Emission spectra of the mango leaf obtained by using a
10 mJ ps laser at 2 kPa and 98 kPa He ambient gas pressures with
the gate delay and gate width of the OMA system fixed at 100 ns
and 50 μs, respectively.
Fig. 3. Emission spectra of the mango leaf taken using a 10 mJ ns
laser and 2 kPa ambient He gas with the gate delay and gate width of
the OMA system fixed at 100 ns and 50 μs, respectively.
Fig. 1. Pressure-dependent emission characteristics of the mango
leaf sample measured with a ps laser operated at 10 mJ output energy
and using ambient He gas at various pressures. The OMA gate delay
and gate width are fixed at 100 ns and 50 μs, respectively.
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LIBS measurement only those found to have Pb concentrations
of 100, 10, and 1 ppm and 30% residual water content esti-
mated by comparing the sample weight before and after ashing.
Pure carrot slices without any pretreatment are also used for
comparison. Presented in Fig. 4 are the spectra near the
Pb I 405.7 nm line measured with (a) a ps laser at 10 mJ
and (b) a ns laser at 40 mJ; both are measured with 2 kPa
ambient He gas. Figure 4(a) shows that the sharp Pb emission
line is clearly detected at 10 ppm, which even remains discern-
able at 1 ppm concentration. Based on this spectra, the detec-
tion limit is estimated to be around 100 ppb according to the
standard criterion for estimating limit of detection as 3 ×
background noise in the vicinity of the signal divided by the
signal intensity. Meanwhile the spectra obtained at a higher en-
ergy output with the ns laser, as depicted in Fig. 4(b), obviously
fail to turn up a clear signal of Pb line even at 100 ppm
concentration, which indicates the inferior performance of
the ns laser.
Having obtained the favorable result by using the ps laser in
low-pressure He ambient gas, we go on to investigate the fea-
sibility of quantitative analysis of Pb content in the carrot. For
this purpose, the measurement is repeated on the carrot samples
prepared with different Pb concentrations as explained earlier.
The resulting Pb emission intensities measured for each of
those samples are plotted to display the intensity versus con-
centration relation presented in Fig. 5. The best fitted calibra-
tion curve is shown as a smooth line given in the figure, which
Fig. 4. Emission spectra of the fresh carrot containing different Pb
concentrations measured by using a (a) 10 mJ ps laser and (b) 40 mJ ns
laser and 2 kPa ambient He gas, with the gate delay and gate width of
the OMA system fixed at 100 ns and 50 μs, respectively.
Fig. 5. Calibration curve for Pb in the fresh carrot taken using a
10 mJ ps laser and 2 kPa ambient He gas with the gate delay and gate
width of the OMA system fixed at 100 ns and 50 μs, respectively.
Fig. 6. Emission spectra in the insets and the related close-up views
of meatball samples containing (a) 100 ppm and (b) 20 ppm of borax,
using a ps laser at 10 mJ output energy and 2 kPa ambient He gas with
the gate delay and gate width of the OMA system fixed at 100 ns and
50 μs, respectively.
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implies the almost complete ablation of Pb atoms from the car-
rot samples. This result clearly demonstrates the potential de-
velopment of this technique for quantitative spectrochemical
analysis of Pb trace elements in vegetable samples.
Another harmful chemical widely used as preservative in food
is borax. The applicability of the same setup for the analysis of
borax in foods is investigated using meatball samples prepared
with different borax concentrations of 100 ppm and 20 ppm.
Each meatball is then cut into thin slices of around 4 mm thick-
ness. The water content in each meatball is estimated to be
around 20%. The measured emission spectra are presented in
Fig. 6 for samples of (a) 100 ppm and (b) 20 ppm borax.
The strong B I 249.6 nm and B I 249.7 nm emission lines
for the sample with 100 ppm borax remain clearly observable,
as shown by the as measured spectrum presented in the inset of
Fig. 6(a) and its close-up view in the figure. On the other hand,
Fig. 7. Emission spectra of various biological samples measured by using a 10 mJ ps laser and 2 kPa ambient He gas with the gate delay and gate
width of the OMA system fixed at 100 ns and 50 μs, respectively for (a) mango leaf, (b) fresh carrot, (c) fresh potato, and (d) meatball.
8990 Vol. 55, No. 32 / November 10 2016 / Applied Optics Research Article
the same B emission lines for the sample of 20 ppm borax pre-
sented in the inset of Fig. 6(b) are only perceptible in the close-
up view in the figure. It is further found in this experiment that
the minimum detectable B concentration is estimated about
200 ppb following the same criterion cited earlier, which is well
below the 10–500 ppm borax concentrations detected from
samples in the market. Finally, a number of the full emission
spectra from various biological samples are presented in
Fig. 7 for (a) fresh mango leaf, (b) fresh carrot, (c) fresh potato,
and (d) freshmeatball. These spectra clearly exhibit generally the
strong emission signals of the analyte elements with very low
background, demonstrating the favorable performance of LIBS
using a ps laser and low-pressure He ambient gas.
4. CONCLUSIONS
In contrary to previous studies leading to the widely held belief
that LIBS does not offer practical and direct services for spectro-
chemical analysis of soft biological samples with high water con-
tent, this study shows that the shortcoming is in fact mainly due
to the use of the ns laser and atmospheric ambient air. As shown
in this study, excellent results of spectrochemical analysis are ob-
tained by employing the ps laser and low-pressure ambient He
gas without any pretreatment of the samples. Specifically, limits
of detection in sub-ppm ranges are demonstrated for certain bio-
logical and food samples of high water content. These results
clearly suggest the feasibility of using LIBS as a practical and fa-
vorable alternative for highly sensitive analysis of soft biological
and food samples, as well as using it for regular food and envi-
ronmental inspection. Further developments for improving the
sensitivity of this technique as well as reducing the spectral aqui-
sition time are being pursued and the result will be reported
elsewhere.
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